Semiconductor superlattices can be either symmetric or asymmetric with respect to specular reflection along the growth direction. The electronic miniband structure of asymmetric superlattices is in general spin dependent, due to spin-orbit interaction. Using Kane's k•p model for the bulk and standard envelope function formalism, we have calculated the spin dependent transmission probability for electrons crossing different III-V politype multibarrier nanostructures. We have obtained spin dependent intervals of energy with nonzero transmission, corresponding to the minibands of allowed electronic states in the superlattice. Spin-orbit split minibands for InGaAs superlattices, with asymmetric double barrier unit cells and different pairs of latticematched barrier materials, are obtained from the transmission and reflection coefficients for the unit cell. The miniband structure is well reproduced by the transfer matrix calculation with already three unit cells. The symmetric-asymmetric crossover as well as the miniband formation from the double barrier spin split resonances were also investigated. The effect of electron spin polarization by resonant tunneling is shown to be enhanced with the use of multibarrier or superlattice structures.
I. INTRODUCTION
The physics of the transport of spin polarized electrons in semiconductor nanostructures is fundamental in the new generation of semiconductor devices that form what has been called spintronics or spin electronics. 1 In order to perform new functions and better perform the usual ones, such devices intend to take advantage of the electron spin degree of freedom, which has not been playing a role in the standard microelectronic technology. There is today an increasing research effort to develop the physics of the spin dependent electronic properties of semiconductor and semiconductormetal hybrid nanostructures. It is still not clear for example how to inject, 2 detect, and transport 3 polarized electrons with enough control in these nanostructures. The spin-orbit coupling, together with the advanced semiconductor orbital engineering, represents an important tool in this effort to control the electron spin degree of freedom in semiconductor nanostructures.
In fact, the functioning of the spin transistor, the main proposal of a spintronic device so far, 4 is based on the control over the spin polarization of the conducting electrons confined in a heterojunction, with the gate voltage, through the so called Rashba spin-orbit coupling.
5 Such spin dependent term in the Hamiltonian describing the motion of electrons in semiconductor nanostructures, breaks the spin degeneracy of the electronic states allowed in asymmetric structures, as formed, for example, at the interface of semiconductor heterojunctions. 6 The corresponding spin splitting between the states with opposite spins is, in first order, linear with the electron in-plane ͑or parallel͒ wave vector k ʈ , and can be described as the action of an effective magnetic field which is perpendicular to both the growth and k ʈ directions.
7
Besides the spin precession effect, around the effective field during in-plane motion, in which the spin transistor is based, the Rashba spin-orbit coupling can lead also to spin dependent vertical transport or resonant tunneling effects.
It has been shown that the spin dependent resonant tunneling of electrons, in asymmetric double barrier nonmagnetic semiconductor structures, can be used as the basic principle of a possible new kind of electron beam polarizer. 8, 9 The electron transmission through asymmetric structures, in the presence of Rashba spin-orbit interaction, is spin dependent whenever the incidence is not normal, corresponding to electron tunneling with nonzero and conserved k ʈ . The transmission then presents spin dependent resonances corresponding to tunneling at energies in resonance with the spin split quasibound electronic states of the double barrier structure. The effect optimization, with respect to the choice of materials and structure parameters to be used in specific applications, has however, not been done yet. In particular, it would be interesting to consider more general multibarrier structures as well as the miniband transport of polarized electrons in asymmetric semiconductor superlattices.
In this work we present a study of the quantum coherent or resonant tunneling spin dependent transport of electrons along multibarrier and superlattice nonmagnetic III-V semiconductor nanostructures, with asymmetric double barrier unit cells. Using standard envelope function approximation for the nanostructure calculation, with Kane's k•p model to describe the bulk, we have calculated the spin dependent transmission probability, as a function of electron energy, and the superlattice miniband structure for specific InGaAs multibarrier and superlattice structures, with lattice-matched GaAsSb, InP, and InAlAs barriers. Well defined spin-orbit split minibands are obtained which, in the ideal case, lead to perfect modulated spin filtering. Next, we first say a few words on the multibarrier and superlattice specular symmetry. Then, in Sec. III, we present the multibarrier calculation of the polarized electron transmission probability; and, in Sec. IV, we discuss the solution for the asymmetric superlattice problem and the formation of the spin-orbit split minibands. The main results are summarized in the Conclusions.
II. MULTIBARRIER AND SUPERLATTICE SPECULAR SYMMETRY
Superlattices are important realizations of ideal onedimensional solids. They are characterized by their unit cell and can be classified in accord to its specular symmetry along the growth direction. An asymmetric unit cell is necessary but not sufficient to construct a superlattice without mirror symmetry. In this work, we consider asymmetric double barrier unit cell multibarrier and superlattice structures, with the conduction band profile, as well as the parameters, illustrated in Fig. 1 . Note that if L 1 or L 2 is zero, we have simple asymmetric single barrier cells and that unit cells with three or more barriers do not introduce qualitative new physics, so that the class of superlattices considered here is quite general. The asymmetry of the superlattices with such double-barrier cells, with different barrier materials 1 and 2, is independent of d 1 and d 2 , the respective barrier widths, and, for simplicity, we will then use only thin barriers with the same width d 1 ϭd 2 ϭ3 nm. 12 The asymmetry in this case depends only on the width of the InGaAs layers.
The superlattice structures illustrated in Fig. 1 can be symmetric or asymmetric depending on whether L 1 and L 2 are equal or different. The corresponding finite multibarrier systems are allways asymmetric, except with L 1 ϭL 2 when its degree of asymmetry decreases with increasing number N of unit cells, tending to the superlattice (Nϭϱ) limit, which is symmetric under reflections at the center of any barrier. In any case, the structures that interest us most here, for the spin dependent properties, are the asymmetric ones. The results, discussed in the next section, for the calculation of the spin dependent electron transmission probability through multibarrier structures are well explained by this symmetry.
III. MULTIBARRIER TRANSFER MATRIX CALCULATION
It is common to use multiple quantum wells and barriers to enhance single well and barrier effects in semiconductor nanostructures. 13 In this paper, we apply the same idea for the spin polarization by the resonant tunneling effect. 8 Besides, in the present superlattice problem, the multibarrier structures, with a finite number N of unit cells, is of interest for at least two main reasons: in view of the fact that real superlattice samples are finite and because it can clarify the way the superlattice spin dependent miniband structure develops from the single asymmetric double barrier case studied in Refs. 8,9
The calculation, which follows closely the transfer method presented in Ref. 8 , consider the III-V semiconductor multibarrier structures illustrated in Fig. 1 , which uses In 0.53 Ga 0.47 As III-V compound as host material and three different lattice matched barriers (InP, In 0.48 Al 0.52 As, and GaAs 0.5 Sb 0.5 ), that allow the growth of different asymmetric multibarrier and superlattice structures with varying spinorbit coupling. Starting from Kane's kp model, the transmission probability for electrons in the conduction band, with spin up or down along the effective magnetic field, in the zero bias or flat band approximation, can be easily calculated using simple plane wave solutions satisfying the spin dependent boundary conditions for the envelope function.
14 It is obtained as a function of both electron energy E and k ʈ ϭͱ2m 0 E/ប 2 sin(), where is the angle of incidence and m 0 ϭm 0 (E) is the energy dependent effective mass of the electron in the InGaAs layers. For III-V semiconductor compounds described by Kane's model, the expression for such effective mass reads
where E g , the band gap, and ⌬, the spin-orbit splitting in the top of the bulk valence band, are band parameters listed in Table I . The interband momentum matrix element P is determined by the band edge effective mass listed in the third column and E c stands for the conduction band edge ͑note that if we set E c,0 ϭ0, E c,i will then be equal to the conduction band offset, or barrier height, listed in the last column of Table I͒ . Both transmission and reflection spin dependent coefficients, t Ϯ and r Ϯ ͑with Ϯ corresponding to spin up and down, respectively͒, for a multibarrier structure with N double-barrier unit cells, will then be obtained by solving the following equations: 
and
The wave vector along the growth direction k z is given by ͱ2m 0 (EϪE c0 )/ប 2 cos(), and the decay coefficient of the evanescent wave inside the jth-barrier is j ϭͱ(2m j /ប 2 )(E c j ϪE)ϩk ʈ 2 ͓we are interested in resonant tunneling effects and work with Eрmin(E c1 ,E c2 )]. Finally, the spin-orbit coupling parameter ␤ j as given by Kane's model is given by
In Fig. 2 we show the results for the transmission probability obtained for electrons with both spins traversing multibarrier structures with three and five double barrier unit cells ͑i.e., with six and ten barriers͒, L 1 ϭL 2 ϭ20 nm and compare with those obtained for the single double barrier, shown on top. The angle of incidence is set ϭ/4. One can see that the spin split resonances of the double barrier develop into two spin degenerate energy minibands with nonzero transmission, in accord with the expected spin degenerate minibands of the corresponding infinite symmetric superlattice. The behavior in the case of multibarrier structures leading to asymmetric superlattices is very different.
An example of asymmetric (L 1 L 2 ) structure is considered in Fig. 3 , where we show the results for the same structures of Fig. 2 except for the smaller L 2 ϭ15 nm. The evolution, as we add more cells, is now different. The opposite spin resonances now develop into two sets of spin-split minibands, with one pushed to higher energies, corresponding to the states bound to the narrower well. With increasing N, we obtain the superlattice spin-orbit split minibands shown in the panel ͑d͒ and discussed in detail in the next section. It is interesting to have another look at this symmetricasymmetric crossover. In Fig. 4 one can see that, as we move from the L 1 ϭL 2 ϭ20 nm symmetric case, by reducing L 2 , the almost spin degenerate minibands start soon to split into opposite spin minibands. The higher energy minibands, in each pair, corresponding to resonance transmission through the states quasibound to the narrow wells, are pushed up in energy due to the bigger quantum confinement. It is worth to mention that reducing L 2 the specular asymmetry increases, enlarging the spin-orbit splitting.
The dependence of the transmission probability on k ʈ ͑or angle of incidence͒, not shown, is very simple. With increasing k ʈ the resonances or minibands are simply pushed to higher energies, where the spin splittings are bigger, as first observed and explained in Ref. 8 . Figure 3 shows that the minibands of perfect transmission obtained already with five unit cells agree very well with the spin-orbit split minibands Table I. for the infinite superlattice. Next we describe the calculation of such minibands.
IV. SUPERLATTICE SPIN-ORBIT SPLIT MINIBANDS
If we set the x axis along k ʈ , the total envelope function for the electron in the superlattice can be written as
and (z), as the solution of an effective one-dimensional Schrödinger equation with a periodic potential, will satisfy Bloch's theorem, i.e., (zϩa)ϭe iKa (z), where K is the Bloch wave vector. As usual, solutions are obtained only within well defined energy minibands, which will in this case depend on both spin and k ʈ , i.e., will be of the type
Probably, the simplest way to calculate such miniband structure is to write (z) as a linear combination of the linearly independent solutions for the transmissions through the unit cell from both, left and right, sides, 15 i.e., (z) ϭA l (z)ϩB r (z), where which, for every K ͑within 0 and /a) and each spin, presents solutions only for a discrete set of energies. In the symmetric limit, when the transmission and reflection coefficients, t and r, are independent of both spin and side of incidence, we recover the usual, spin independent, equation for the superlattice minibands. 15 Solutions of the above equation for the asymmetric superlattice with L 1 ϭ20 nm and L 2 ϭ15 nm are shown in the bottom of Fig. 3 , where we see the mentioned good agreement with the multibarrier transfer matrix calculation.
In Fig. 5 we show the results for the spin-orbit split minibands of asymmetric superlattices with different pairs of barrier materials. We note that the better spin resolved minibands occur for structures with GaAsSb and InP barriers. This is due to both, the large GaAsSb spin-orbit splitting ⌬ GaAsSb and the bigger ͉⌬ GaAsSb Ϫ⌬ InP ͉ difference as compared to the other combinations. Figure 5 also shows that it is not difficult to obtain non overlapping opposite spin minibands. Such spin dependent miniband structure of perfect asymmetric superlattices leads to electron miniband transport that is very sensitive to electron spin. We see that, compared to the double-barrier case, the multibarrier or superlattice structure present narrower bands ͑or resonances͒ with higher transmission probability, which enhances the effect of spinpolarization by rosonant tunneling.
The perfect spin filtering, in the ideal case, corresponds to polarization of the transmitted beam being 1 ͑100%͒ for transmission within the spin up miniband and Ϫ1 within the spin down miniband, except in the overlap or gap region, in between, where the polarization or the transmission, repectively, will be zero. The inevitable uncertainty in the angle of incidence ͑and/or electron energy͒ will however lead to the formation of miniband tails and to a decrease in the polarization. The effect due for instance to a given degree of uncertainty around the angle of incidence will depend on the angle, on the statistical distribution and on the energy one is looking at; and needs to be studied. We have estimated the effect of such angle uncertainty using a Gaussian distribution and have found that, for example, in the third miniband (E ϳ110 meV) of the situation in Fig. 3 , a standard deviation of /100 ͑corresponding to near 10% of uncertainty͒ leads to reasonable broadening of the minibands, which remain however well separated, and to a polarization which, as a function of energy, goes now smoothly from ϩ to Ϫ1. Polarizations close to the maximum are still obtained, with smaller transmission probabilities (ϳ0.5) though, but with a larger energy separation between ϩ and Ϫ1. We have check also that the polarization becomes very small in the region of non zero transmission only with uncertainties as large as 25%.
V. CONCLUSIONS
In summary, we have considered the vertical quantum transport of polarized electrons along multibarrier and superlattice semiconductor structures. The superlattice miniband structure was discussed in accord to its symmetry under specular reflections along the growth direction. The formation of spin-orbit split minibands in the case of asymmetric superlattices, with asymmetric double-barrier unit cells, was demonstrated. Specific calculations were done for different InGaAs politype both multibarrier and superlattice structures. It was shown that the transfer matrix calculation reproduces well the superlattice spin resolved miniband structure with already three unit cells. The symmetric-asymmetric crossover as well as the miniband formation from the double barrier spin split resonances were also investigated.
The use of multibarrier structures, instead of a single asymmetric double barrier, enhances the effect of spin polarization by resonant tunneling. As shown here, it causes the narrowing the spin-split resonances and increases the transmission probability. The difficulty in the use of the effect, which is the oblique incidence, remains the same. However, continuum advances in nanolithografy and other technics for nanostructure design, allow us to believe that it may help the fabrication of powerful spin filters or other spintronic device in the near future. To conclude, we have discussed the formation of spin-orbit split minibands of electronic states in asymmetric III-V semiconductor superlattices, as a contribution to the physics of spin-dependent electronic properties of semiconductor nanostructures and to the development of the spintronics. Effects and corrections due for instance to the applied bias, electron-electron or electron-phonon interaction can be included within the present framework, but are outside the scope of this work.
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